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ABSTRACT 

The  nonlocal  elasticity  solution  Is  obtained  for  the  Griffith  crack 
problem  under  combined  loadings.  Modes  I  and  II.  It  Is  shown  that  the 
fracture  begins  at  a  critical  point  In  the  neighborhood  of  the  crack  tip. 

The  location  of  the  critical  point  is  determined  and  the  critical  angle  at 
which  the  crack  begins  to  deviate  from  Its  straight  line  path  Is  determined. 
These  results  are  In  good  agreement  with  atomic  lattice  theory,  and  classi¬ 
cal  predictions. 

INTRODUCTION 

Presently,  there  exists  several  criteria  for  the  static  and  dynamic 
curving  of  a  line  crack  under  combined  loadings.  These  are  based  on  either 
a  maximum  circumferential  stress  (cf.  Erdogan  and  Slh  [1],  Cottercll  and 
Rice  [2]),  or  the  Griffith  energy  release  rate  (cf.  Hussain,  et  al  [3]). 
Experimental  assessment  of  these  criteria  was  carried  out  by  Kobayashl,  et 
al.  In  a  series  of  papers  of  which  we  mention  [4],  Because  of  the  usual 
crack  tip  singularity,  these  criteria  are  to  be  applied  at  a  critical  dis¬ 
tance  r  from  the  crack  tip.  It  Is  speculated  that  r  Is  a  material 
property! 

The  main  purpose  of  the  present  paper  Is:  (1)  to  determine  r  , 
theoretically;  (11)  to  obtain  the  direction  of  crack  curving  under  u  com¬ 
bined  loadings.  Modes  I  and  II;  (111)  to  give  a  crack  curving  criterion 
based  on  the  maximum  circumferential  stress  field. 

We  note  that  such  a  program  cannot  be  carried  out  by  means  of  classical 
elasticity  theory  since  according  to  this  theory,  the  maximum  stress  Is 
Infinite  and  It  Is  located  at  the  crack  tip. 

In  several  previous  papers  (cf.  [5],  [6],  [7]),  It  was  shown  that  the 
nonlocal  elasticity  solutions  of  crack  problems  do  not  contain  a  stress 
singularity.  Moreover,  the  maximum  stress  occurs  not  at  the  tip,  but  at  an 
exterior  point  to  the  crack  surfaces  -In  the  close  vicinity  of  the  crack 
tip. 
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For  brittle  solids,  a  fracture  criterion  based  on  the  maxinusn  tensile 
stress,  was  established  (cf.  [5],  [6],  [8]),  Accordingly,  when  the  maxlmun 
tensile  stress  exceeds  the  cohesive  stress  that  holds  bonds  together,  frac¬ 
ture  will  occur.  Calculations  based  on  this  hypothesis  proved  to  be  In  ac¬ 
cordance  with  the  Griffith  fracture  criterion  with  the  additional  dividend 
that  the  Griffith  constant  Is  fully  determined.  Cohesive  stress  calcula¬ 
tions  showed  excellent  agreement  with  the  results  known  to  metal urglsts 
(see  [5]  to  [10]). 

Motivated  by  these  findings,  we  proceed  to  examine  here  the  problem  of 
crack  instability  and  curving  for  the  plane  problem  under  combined  loads. 


RESUME  OF  BASIC  EQUATIONS 

Basic  equations  of  nonlocal,  linear,  homogeneous.  Isotropic  elastic 
solids  consist  of  (cf.  [5],  [11],  [12]): 


(1) 

(2) 

(3) 

(4) 


V k  *  p(fi  -  V 


tw(x.t)  -  J  o(|x,-x|,e)i>(ul(j,,t)  dv(x’)  , 


kl 


X,rr4tt+*>‘  *kl  • 


*  J  (Vt  *  “t.k1 


where  t^  ,  p  ,  f£  and  u£  are  respectively,  the  stress  tensor,  mass 

density,  body  force  and  the  displacement  field.  We  employ  a  superposed  dot 
to  Indicate  partial  derivative  with  respect  to  time  and  a  comma  to  Indicate 
partial  derivative  with  respect  to  rectangular  coordinates  xk  •  l.e. 


.  3uk(x,t)  Buk 

uk  3t  •  uk,£  ax^ 


As  usual,  repeated  indices  Indicate  sunmatlon. 

Except  for  the  constitutive  equations  (2),’  these  equations  are  Iden¬ 
tical  to  those  of  the  classical  (local)  elasticity  theory.  Equation  (2) 
replaces  the  classical  Hooke's  law.  It  expresses  the  physical  fact  that 
the  stress  at  a  point  x  depends  on  strains  at  all.  other  points  x*  in 
the  body.  Naturally,  *  the  Influence  of  strain  at  x  Is  expected*  to  be 
greatest  In  the  stress  at  x  and  the  Influence  of  strains  at  any  other 


point  x*  ,  at  a  distance  |x'-x|  from  x,  must  diminish  with  distance. 
Hence  the  nonlocal  modulus  a(lx'-xLe)  must  die  out  with  Ix'-xl  having 
a  maximum  at  x'  «  x . 

The  nonlocal  attenuation  modulus  a  has  the  dimension  of  length  so 
that  It  depends  on  an  Internal  characteristic  length  a .  This  Is  Indi¬ 
cated  by  e«0a /£  where  £  Is  an  external  characteristic  length  (e.g. 

wave  length,  crack  length),  a  Is  an  Internal  characteristic  length  (e*9»» 
lattice  parameter,  granular  distance)  and  0  Is  a  non-dimensional  constant 
appropriate  to  each  material. 

Nonlocal  elasticity  reduces  to  the  classical  theory  In  the  limit 

(5)  11«  a{|x'-x|,e)  *  6(|x*-x|) 

e  ->  o  ~  ~  -  - 


where  6  Is  the  Dirac  delta  measure.  Based  on  these  and  other  considera¬ 
tions,  Erlngen  [11],  [12],  proposed  that  a  must  be  a  Dirac  delta  sequence, 
and  obtained  several  kernels  which  produce  excellent  agreement  with  the  dis¬ 
persion  curves  of  plane  waves  in  lattice  dynamics.  In  the  entire  Brlllouln 
zone. 

Here  we  give  one  of  these  kernels,  suitable  for  the  treatment  of  two- 
dimensional  problems,  Arl  and  Erlngen  [7]: 


(6)  a(|x|,c)  *  (2ir4ZeV1  Kn(/~x^/Jte),  E  *  Ba/£ 


where  KQ  Is  the  modified  Bessel's  function.  We  note  that  equation  (6) 
satisfies  the  differential  equation 

(7)  (1  -  eVv2) a  -  6(|x'-x|) 

—  — 

a  property  which  Is  useful  In  the  treatment  of  boundary-value  problems.  If 
we  apply  the  operator  (7)  to  equation  (2),  we  obtain 

(f»  O  -  «W)  tu  - 

From  this,  by  taking  the  divergence  of  both  sides,  it  follows  that 


(9)  +  (1  -  eVvfypf^  -  pUA)  «  0 


where  we  have  used  equation  (1)  .  If  we  further  substitute  from  equations 
(3)  and  (4),  we  will  have 
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(10)  (X+y)  uMR  (l-eVv2)(pUJl  -pf^)  -  0 

valid  In  rectangular  coordinates.  In  this  way,  the  Integro-differentlal 
equations  (1)  to  (4)  are  reduced  to  singularly  perturbed  partial  dif¬ 
ferential  equations. 

Particularly  simple  results  are  obtained  for  the  static  case  and 
vanishing  body  forces.  In  this  case,  we  have 


(11) 


°kJl,k 


0 


which  Is  Identical  to  the  equilibrium  equations  of  classical  elasticity 
theory. 


GRIFFITH  CRACK,  MODE  I  AND  II 

A  line  crack  jxj|<c,  x2  =  0  located  In  an  Infinite  plane 

subject  to  a  uniform  tensile  loading,  perpendicular  to  the  crack  line  at 
Infinity,  Is  known  as  the  Griffith  crack  problem.  Mode  I.  We  consider  the 
superposition  to  Mode  I  a  constant  shear  loading  which  Is  known  as  the 
Mode  II.  The  solution  of  both  problems  In  nonlocal  elasticity  were  given 
previously  by  Eringen  [8]  and  his  coworkers  [6].  Here,  we  employ  an  alter¬ 
native  method  of  solution  using  a  different  kernel,  namely  equation  (6). 

For  the  static  case  with  vanishing  body  forces,  equation  (io)  re¬ 
duces  to  the  classical  Navier's  equation 

02)  (x  +  ^  uk,£k +yV\  '  0 


whose  solution  Is  well-known,  c.f. ,  [13],  The  classical  stress  field  a., 
in  the  neighborhood  of  the  crack  tip.  Is  of  the  form 


(13) 

I 


I  where 

plane  polar  coordinates  with  the  origin  at  the  right  crack  tip. 

i ' 


”3  0.1 _ 50 

°11 

^  cos  f,+  7C0S"2“ 

.  A_ 

5  6l  cos 

+  h L 

°22 

vVrrr 

Tf  COS  *  “  ^  cos  ~Y" 

/2nr 

°12 

"7  sin  f-  +  7  s*n  T" 

’7  s^n  2  "  7  s1n  T 

■  j  sin  |^  +  j  sin  -Tp 


I  cos 


Mcosf 


Kj  and  Kjj  are  classical  stress  Intensity  factors  and  (r,e)  are 
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In  nonlocal  theory,  akA  given  by  equation  (13)  Is  not  the  stress 
field.  The  stress  field  t^  Is  obtained  by  solving  equation  (8),  subject 
to  regularity  conditions,  l.e.,  tkA  must  be  bounded  at  the  crack  tip  and 
at  Infinity.  This  Is  borne  out  also  from  the  previous  solution  given  In  [5] 
and  [7]. 

We  expect  that,  at  large  distances  from  the  crack  tip,  the  classical 
solution  will  approximate  the  stress  field  well.  Moreover,  as  e  +  0, 
equation  (8)  gives  t^  -*■  okJt .  Therefore,  there  exists  a  boundary  layer 

In  the  neighborhood  of  the  crack.  This  then  suggests  that  we  may  obtain  an 
inner  solution  of  equation  (8)  and  match  It  to  the  outer  solution  okfi.  In 
fact,  this  Is  why  the  approximate  expressions  (equation  (13)), which  *  are 
valid  in  the  vicinity  of  the  crack  tip,  are  adequate  for  the  determination 
of  tkA  In  the  vicinity  of  the  crack  tip. 

Introducing  the  complex  stress  field  for  any  second-order  symmetric 
tensor,  rk£  by 

<,4>  ®T  ■  T11  +  t22  •  »T  "  t22  •  T11  +  21  t12 


The  differential  equations  (8)  may  be  replaced  by  equivalent  equations 


(15) 


(1  -  eVv2)  ©t  *  0a  , 

(1  -  e2£2V2)  *t  *  $0 


where,  by  using  equations  (14  and  (13), 

©a  *  +  1  Kn}  el9/2  +  <KI  -  1  KII>  e’i6/23  » 

(16) 

*a  -  C(Kj  +  31  Kjj)  e”18/2  +  (-  Kj  +  1  Kn)  e’15e/2] 


Consequently,  the  Integration  of  equation 
of  a  differential  equation  of  the  form 


(17) 


_ in  +  ifSo.  +  J,  ~  !n  -  q 

3p2  p  3p  p*  30*  n 


329, 


(15)  requires  finding  the  solution 

-  p"^  e1n0/2  t  n*  ♦  1,*5 


where 


(18)  9n(p»6)  »  fn(p)  e1n0/Z  p  -  r/e£ 


The  general  solution  of  equation  (17)  Is 

(19)  fn<P>  -  A  In/2(p)  ♦  B  K„/2(p)  ♦  f  [I„/2(z>  Kn/2(p) 

-  Jn/2tp)  Kn/2<z)3  1)2 

where  I  and  Kv  are  modified  Bessel's  functions.  Constants  of  Integra¬ 
tions  A  and  B  are  determined  by  using  the  regularity  conditions  at  r*0 
and  r®»,  namely  f  must  be  bounded  at  p*0  and  as  p -♦•<*>. 

(2°)  f»  *  f  1n/2<2>  Wp)  zk  d2  +  /  "l„/2(p)  Wz)  dz 

o  p 

°  n*±l,  ±5 

Employing  well-known  expressions  of  I nj2  and  Kn^2  [14],  we  find  that 


(21) 


ft,  ■  P-*  (1  -e'p)  . 


p"1*  e"p(l  +  |  *  -y)  j  [(1  +  -y-)sfnh  2  -  |  cosh  2]  d2 

P  0  2  r° 

+  p“*[(1  +  -7)  s1nh  P  -  |  cosh  p]  j  e”z(l  +  |  +  -\)dz 

P 

Consequently, 

0t  -  (27re£)’^  [(Kj  +  IKjj)  e1@/2  +  (Kj  -  1Kn)  e’l0/2]  f^p)  , 

(22)“ 

♦t  *  7  (2Tre£)”^  C(Kj  +  31  Kjj)  f,(p)  e’l0/2  +  (-Kj  +  IKjj)  fg(p)  e’5i0/2] 


But*  In  polar  coordinates,  we  have 
(23) 


Sr+tee  "  V 


*69  ”  *rr  +  21  *r0  #t  e 


216 
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from  which  we  determine  the  stress  field. 

trf  =  (2tt ei,)’^  |[Kj(cos  cos  4p)  +  Kj j (-sin  |-  +  %  sin  3r)]fj(p) 

+  J<Kj  cos  |  -  Kjj  sin  f)f5(p)J. 

(24)  t00  =  (2iret)"^  |[Kj(cos  |’+^  cos  4p)  -Kjj(s1n  y+y  sin  -y-)]fj(p) 

+  J(-Kj  cos  f+Kjj  sin  f)f5(p)}. 

trQ  *  {  (2rret)^  [(Kj  sin  f-  +  3  Kjj  cos  fj(p) 

+  (Kj  sin  |+  Kjj  cos  |)  fg(p)  ] 

These  results  are  valid  In  the  vicinity  of  the  crack  tip. 

FRACTURE  AND  CRACK  CURVING 

Based  on  the  physics  of  matter,  the  fracture  must  occur  when  the  maximum 
tensile  stress  exceeds  the  cohesive  stress  which  holds  bonds  together,  Erln- 
gen  [5,8].  Consequently,  fracture  will  begin  at  a  point  (r  ,0  )  which  are 
the  roots  of  v 


provided  that  t00(rc»ec)  Is  the  maximum  tensile  stress. 

Note  that  unlike  classical  elasticity,  t0Qn,ax  Is  not  at  the  crack  tip 
Thus,  fracture  begins  ahead  of  the  crack  tip  at  some  location,  determined  by 
equation  (25). 

First,  consider  the  case  of  Mode  I  only.  In  this  case,  Kjj*0  and 
equation  (25)  gives  * 

dfi  df5 

(26)  ec.O.  SjJ-  . 

so  that  the  fracture  Is  along  the  crack  line  at  a  point  p  satisfying  (26). 
Computations  give 


i 
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(27)  pc  *  rjcl  =  1.095076 


This  result  Is  In  excellent  agreement  with  that  calculated  by  means  of 
atomic  lattice  theory  by  Elliot  [15]  (see  Table  1). 

Next,  we  consider  the  combined  Modes  I  and  II.  From  equations  (24)  and 
(25),  It  is  clear  that 


(28)  pc  *  rjel  *  fdCjj/Kj) 

ec  -  gttjj/K,) 


Following  common  practice,  these  functions  are  plotted  against  crack 
angle  y  ,  defined  by 


(29)  cot  y  *  Kjj/Kj 


In  Figure  1,  critical  distance  r,  Is  given  as  a  function  of  the  crack 
angle  y  .  We  notice  that  r  u  decreases  with  the  crack  angle.  The 
closest  distance  to  the  crack  c  tip  Is  obtained  when  Kt  *  0  and  farthest 
when  Kjt*0-  The  change  between  these  two  cases  is  almost  a  straight 
line.  In  Figure  2,  values  of  6C  are  compared  with  classical  results 
obtained  from  [13,  p.  99].  The  agreement  Is, In  general,  excellent. 


TABLE  I 

HOOP  STRESS  ALONG  THE  CRACK  LINE 


W^O 

xc/a 

Elliot  [15] 

27.62 

1  +  0.2 (a/l) 

Nonlocal  (Present)  cl  ■  0.22a* 
el  *  0.31a 

25.41 

21.40 

1  +  0.2409(a/£) 

1  +  0.3394(a/£) 

*  r  i 

Values  of  e£/a  are  from  Ref.  [7], 
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ACta:  Coda  474  (2) 

Coda  471 
Coda  200 

Director 

Offiea  of  Naval  Kaaaarcb 

Baatarn/Central  Kagional  Offiea 
666  Sunmer  Street 
Boa too,  Maaaaehuaaeta  02210 

Director 

Offiea  of  Naval  laaaareh 
Branch  Offiea 
536  South  Clark  Street 
Chicago,  Xllinoia  60605 

Diraeter 

Office  of  Naval  Xaaaareh 
Nev  Tork  Area  Offiea 
715  Broadway  -  5th  Floor 
New  Tork,  New  Tork  10003 

Diraetor 

Office  of  Naval  Xaaaareh 
Western  Kagional  Office 
1030  East  Green  Street 
Pasadena,  California  91106 

Naval  Kaaaarcb  laboratory  (6) 

Code  2627 

Washington,  D.C.  20375 

Defense  Technical  Information  Center  (12) 
Cameron  Station 
Alexandria,  Virginia  22314 

Wev£ 

Undersea  Explosion  Ksseareh  Division 
Naval  Ship  Xaaaareh  and  Development 
Center 

Norfolk  Navel  Shipyard 
Portsmouth,  Virginia  23709 
Attn:  Dr.  E.  Palmer,  Code  177 
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Navy  (Con't.) 

Naval  Xaaaareh  Laboratory 
Washington,  D.C.-  20375 
Attn:  Coda  8400 
8410 
8430 
8440 
6300 
6390 
6380 

David  W.  Taylor  Naval  Ship  Xaaaareh 
and  Development  Center 
Annapolis,  Maryland  21402 
Attn:  Code  2740 
28 
281 

Naval  Weapons  Center 
China  Lake,  California  93555 
Attn:  Code  4062 
4520 

Commanding  Officer 

Naval  Civil  Engineering  Laboratory 

Code  L31 

Port  lueneme,  California  93041 

Naval  Surface  Weapons  Canter, 

White  Oak 

Silver  Spring,  Maryland  20910 
Attn:  Code  X-10 
0-402 
E-82 

Technical  Director 
Navel  Ocean  Syatama  Center 
San  Diego,  California  92132 

Supervisor  of  Shipbuilding 
U.8.  Navy 

Newport  leva,  Virginia  23607 

Navy  Underwater  Sound 
Keference  Division 
Naval  Ease arch  Laboratory 
P.0.  Bex  8337 
Orlando,  Florida  32S06 

Chief  of  Naval  Operations 
Departmant  ef  the  Navy 
Washington,  D.C.  20350 
Attn:  Code  0F-098 


C  Iwt  (Con's*) 
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Strategic  Systeas  ProjacS  0£fiea 
Department  of  Sba  Vary 
Washington,  D*C*  20374 
Attn:  HSP-200 

if 

Naval  Air  Syaeaaa  Commend 
DapartaanC  of  the  Navy 
Washington,  D.C*  20341 

Acta:  Coda  3302  (Aaroapaea  and  Structures) 
404  (Technical  Library) 

320B  (Structures) 

Naval  Air  DavalopaanS  CanSar 
Wa raina tar,  Pennsylvania  11974 
Acta:  Aerospace  Mechanics 
Coda  404 

V.S.  Naval  Academy 
Engineering  Departaans 
Annapolis,  Maryland  21402 

Naval  Facilities  In* i nearing  Coanaad 
200  Stovall  Street 
Alexandria,  Virginia  22332 
Attn:  Coda  03  (lasearch  and  Development) 
04B 
045 

14114  (Technical  Library) 

Naval  Sea  Systeas  Coaaand 
Department  of  the  Navy 
Washington,  D«C«  20342 
Atta:  Coda  051 
312 

322 

323 
031 
321 


Coaaander  ead  Director 
David  W*  Taylor  Naval  Ship 

lasearch  and  Development  Center 
Bethesda,  Maryland  20084 
Atta:  Code  042 
17 

172 

173 

174 
1800 
1844 

012.2 

1900 

1901 
1945 
1940 
1942 

Naval  Vndervater  Systeas  Center 
Newport,  Rhode  Island  02840 
Attn:  Bruce  Sandaan,  Code  3434 

Naval  Surface  Weapons  Center 
Dahlgrea  Laboratory 
Dahlgran,  Virginia  22448 
Attn:  Code  GOA 
620 

Technical  Director 
Mare  Island  Naval  Shipyard 
Vallejo,  California  94392 

U*S*  Naval  Postgradnate  School 

Library 

Code  0384 

Monterey,  California  93940 

Webb  Institute  of  Naval  Architecture 
Attn:  Librarian 
Crescent  Beaeh  load,  Clan  Cove 
Long  Island,  New  York  11342 


£2L 

Commanding  Officer  (2) 

O. 8.  Any  lasearch  Office 

P. 0.  Bos  12211 

leseareh  Triangle  Park,  VC  27709 
Atta:  Mr*  J*  J*  Murray,  CUHAA-IP 


I 
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Army  (Con't.) 

Watervliat  Arsenal 
M46CS  Research  Canter 
Watervliat,  Rev  York  12189 
4texx:  Diraetor  of  Research 

U.S.  Ara y  Materials  and  Mechanic*  . 
Research  Canter 

Watertown,  Masaachuaatta  02172 
▲tta:  Dr.  R.  Sheet  DRXMR-T 

U.S.  Any  Missile  lesearch  and 
Development  Center 
lads tone  Scientific  Information 
Center 

Chief,  Document  Section 

teds tone  Arsenal,  Alabama  35809 

Any  Research  and  Development 
Center 

Fort  Be I voir,  Virginia  22060 
RASA 

Rational  Aeronautics  and  Space 
Administration 
Structures  Research  Division 
Langley  Research  Center 
Langley  Station 
Hampton,  Virginia  23365 

Rational  Aeronautics  and  Space 
Administration 

Associate  Administrator  for  Advened 
Research  and  Technology 
Washington,  D.C.  20546 

Air  Force 

Wright-Patterson  Air  Foree  Base 
Dayton,  Ohio  45433 
Attn:  AFFDL  (FI) 

(FIR) 

(FIB) 

(FIS) 

AFML  (MBM) 

Chief  Applied  Mechanics  Croup 
0.8.  Air  Force  Xnstitnta  of  Technology 
Wright-Fatterson  Air  Fores  Base 
Dayton,  Ohio  45433 


'Air  Force  (Con't.) 

Chief,  Civil  Engineering  Branch 
VLRC,  Research  Division 
Air  Force  Weapons  Laboratory 
Rirtland  Air  Foree  Base 
Albuquerque,  Rev  Mexico  87117 

Air  Foree  Office  of  Scientific  Research 
Bolling  Air  Force  Base 
Washington,  D.C.  20332 
Attnt  Mechanics  Division 

Department  of  the  Air  Force 
Air  Waivers ity  Library 
Msxvell  Air  Force  Base 
Montgomery,  Alabama  36112 

Other  Government  Activities 

Commandant 

Chief,  Testing  and  Development  Division 
0.8.  Coast  Guard 
1300  E  Street,  RW. 

Washington,  D.C.  20226 

Technical  Director 
Marine  Corps  Development 
and  Education  Cwand 
Quaneico,  Virginia  22134 

Director  Defense  Research 
and  Engineering 
Technical  Library 
Room  3C128 
The  Pentagon 
Washington,  D.C.  20301 

Dr.  M.  Cans 

Rational  Science  Foundation 
Environmental  Research  Division 
Washington,  D.C.  20550 

Library  of  Congress 

Science  and  Technology  Division 

Washington,  D.C.  20540 

Director 

Defense  Rue leer  Agency 
Washington,  D.C.  20305 
Attn*  088 
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Other  gwrwint  Activities  (Can't) 

Mr.  Jero—  hnh 
Staff  Specialist  for  Matariala 
and  S true turas 
OUSDBAE,  Tha  raatafoa 
Soon  3D1089 
Washington,  D.C.  20301 

Chief,  Airframe  and  Equipment  Branch 

rs-uo 

Office  of  flight  Standards 
federal  Aviation  Agency 
Washington,  D.C*  20553 

Motional  Ac ad any  of  Sciences 
Motional  Ke anarch  Council 
Ship  Hull  Ke search  Co— i ttao 
2101  Constitution  Avenue 
Washington,  D.C.  20418 
Attn:  Hr.  A.  L  Lytle 

Motional  Science  foundation 
engineering  Mechanics  Section 
Division  of  engineering 
Washington,  D.C.  20S50 

Picatinny  Arsenal 

Plastics  Technical  evaluation  Center 
Attn:  Technical  Information  Section 
Dover,  Mew  Jersey  07801 

Maritime  Administration 
Office  of  Maritime  Technology 
14th  and  Constitution  Avenue,  MW. 
Washington,  D.C.  20230 

PAXT  2  -  Contractors  and  Other  Technical 
Collaborators 

Phlvorsltios 

Dr.  J.  Tinsley  Oden 
University  of  Taras  at  Ausein 
345  engineering  Science  Building 
Auatin,  Tanas  78712 

Professor  Julius  Miklevita 
California  Institute  of  Technology 
Division  of  engineering 
and  Applied  Sciences 
Pasadena,  California  91109 


Oniveraities  (Con't) 

Dr.  Barold  Liebowits,  Dean 
School  of  Engineering  and 
Applied  Science 

George  Washington  University  ■ 
Washington,  D.C.  20052 

Professor  Bli  Sternberg 
California  Institute  of  Technology 
Division  of  Engineering  and 
Applied  Sciences 
Pasadena,  California  91109 

Professor  Paul  M.  Maghdi 
University  of  California 
Department  of  Mechanical  Engineering 
Berkeley,  California  94720 

Professor  A.  J.  Durelli 
Oakland  University 
School  of  Engineering 
lochester,  Missouri  48063 

Professor  f .  L.  DiMaggio 
Columbia  University 
Department  of  Civil  Engineering 
Mew  Tork,  Mew  Tork  10027 

* 

Professor  Horman  Jones 

The  University  of  Liverpool 

Depart— nt  of  Mechanical  Engineering 

P.  0.  Bon  147 

Brownlow  Mill 

Liverpool  L69  3BX 

England 

Professor  B.  J.  Skudrsyk 
Penesylvenia  State  University 
Applied  Besearch  Laboratory 
Department  of  Physics 
State  College,  Pen— ylvania  16801 

Professor  J.  XI— r 
Pelyteehnie  Institute  of  Mew  York 
Depart— at  of  Mechanical  and 
Aerospace  Engineering 
333  Jay  Street 
Brooklyn,  Mew  Tork  11201 

Professor  K.  A.  Schapery 
Ten—  AAK  University 
Depart— ut  ef  Civil  Engin—ring 
College  Station,  Ten—  77843 
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fairer tit lea  (Coa't.) 

Professor  Walter  D.  Pilkey 
University  of  Virginia 
Kssearch  Laboratories  for  thm 
.  Engineering  Seisaets  sad 
Applied  Sciences 
Charlottesville,  Virgiaia  22901 

Professor  K.  D.  Willmert 
Clarkson  College  of  Technology 
Department  of  Mechaaieal  Eagiaeering 
Potsdam,  lew  York  13676  ' 

Or.  welter  K.  Hairier 
Texas  A6M  University 
Aerospace  Engineering  Department 
College  Station,  Tesaa  77843 

Or.  Hussein  A.  Kamel 
University  of  Arisona 
Department  of  Aerospace  end 
Mechanical  Engineering 
Tucson,  Arisona  83721 

Or.  8.  J.  Penvea 
Camegie-Mellon  University 
Department  of  Civil  Engineering 
Schenley  Park 

Pittsburg,  Pennsylvania  15213 

Or.  Honald  L.  Huston 
Department  of  Engineering  Analysis 
University  of  Cincinnati 
Cincinnati,  Ohio  45221 

Professor  6.  C.  M.  Sih 
Lehigh  University 
Institate  of  Practnre  and 
Solid  Mechanics 
Bethlehem,  Pennsylvania  18015 

Professor  Albert  8.  Kobayashi 
University  of  Washington 
Department  of  Mechanical 'Engineering 
Seattle,  Washington  98105 

Professor  Daniel  Frederick 
firginia  Polytechnic  Institute  and 
State  University 

Department  of  Engineering  Mechanics 
Blacksburg,  Virginia  24061 


Universities  (Coa't) 

Professor  A.  C.  Er ingen 
Princeton  University 
Department  of  Aerospeee  and 
Mechanical  Seieaees 
Princeton,  Hew  Jersey  08540 

Professor  I.  H.  Lee 

Stanford  University 

Division  of  Engineering  Mechanics 

Stanford,  California  94305 

Professor  Albert  I.  King 
Wayne  State  University 
Biomechanics  Heeearch  Center 
Detroit,  Michigan  48202 

Dr.  ▼.  K.  Hodgson 
Wayne  State  University 
School  of  Medicine 
Detroit,  Michigan  48202 

Dean  B.  A.  Bo ley 
Hortfaveetern  University 
Department  of  -Civil  Engineering 
Evanston,  Illinois  60201 

Professor  P.  C.  Hodge,  Jr. 
University  of  Minnesota 
Department  of  Aerospace  Engineering 
and  Mechanics 

Minneapolis,  Minnesota  55455 

Dr.  D.  C.  Drucker 
University  of  Illinois 
Dean  of  Engineering 
Urbaaa,  Illinois  61801 

Professor  H.  M.  Hevmark 
University  of  Illinois 
Department  of  Civil  Engineering 
Urbane,  Illinois  61803 

Professor  I.  Ha issuer 
University  of  California,  San  Diego 
Department  of  Applied  Mechanics 
La  Jella,  California  92037 

Professor  Killian  A.  Hack 
University  ef  Massachusetts 
Department  ef  Mechanics  and 
Aerospace  Engineering 
dnherst,  Massachusetts  01002 
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Uhivars it lag  (Coo'c) 

Professor  6.  Harraaa 
Stanford  Uni varsity 
Dapartaant  of  Appliad  Machanica 
Stanford,  California  94305 

Profasaor  J.  0.  Achanbaeh 
Morthwest  University 
Dapartaant  of  Civil  Engineering 
Ivans ton,  Illinois  60201 

Profasaor  S.  1.  Dong 
Univarsity  of  California 
Dapartaant -of  Machanies 
Los  Angolas,  California  90024 

Profasaor  Burt  Paul 
Univarsity  of  Pannsylvaaia 
Towns  School  of  Civil  and 
Machanieal  Enginaaring 
Philadalphia,  Pannsylvaaia  19104 

Profasaor  H.  V.  Lin 
Syracnaa  Univarsity 
Dapartaant  of  Chaaical  Inginaaring 
and  Matallurgy 
Syracnaa,  Haw  York  13210 

Profasaor  S.  Bodnar 
Tachnion  BAD  Foundation 
Haifa,  Israal 

Profasaor  Varnsr  Coldsaith 
Univarsity  of  California 
Dapartaant  of  Machanieal  Inginaaring 
Barkalay,  California  94720 

Profasaor  B.  8.  livlia 
Lahigh  Univarsity 
Cantar  for  tha  Application 
of  Mathaaatiea 

Bachlahaa,  Pannsylvaaia  18015 

Professor  ?.  A.  Cos tare lli 
State  University  of  Haw  York  at 
Buffalo 

Division  of  Interdisciplinary  Studies 
Harr  Parker  Inginaaring  Building 
Cheaistry  toad 
Buffalo, -Raw  York  14214 


Universities  (Con't) 

Professor  Joseph  L.  loan 
Dr  axel  University 

Dapartaant  of  Machanieal  Inginaaring 
and  Mechanics 

Philadalphia,  Pennsylvania  19104 

Professor  B.  K.  Donaldson 
University  of  Maryland 
Aerospace  Inginaaring  Dapartaant 
Collage  Park,  Maryland  20742 

Professor  Joseph  A.  Clark 
Catholic  University  of  Aaarica 
Dapartaant  of  Mechanical  Inginaaring 
Washington,  D.C.  20064 

Dr.  Saaual  B.  Baedorf 
University  of  California 
School  of  Inginaaring 
and  Appliad  Science 
Los  Angelas,  California  90024 

Professor  Isaac  Pried 
Boston  University 
Dapartaant  of  Mstheaatics 
Boston,  Massachusetts  02215 

Professor  I.  Kraapl 
Rensselaer  Polytechnic  Institute 
Division  of  Inginaaring 
Inginaaring  Machanies 
Troy,  Hew  York  12181 

Dr.  Jack  K.  Pinson 
University  of  Delaware 
Dapartaant  of  Machanieal  and  Aerospace 
Inginaaring  and  tha  Cantar  for 
Coaposite  Materials 
Mcwark,  Delaware  19711 

Dr.  J.  Duffy 
Brown  University 
Division  of  tnginaariag 
Providence,  thode  Island  02912 

Dr.  J.  L.  Swadlow 
Camegie-Mellon  University 
Dapartaant  of  Mechanical  Inginaaring 
Pittsburg*,  Pennsylvania  15213 
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Universit ies  (Con't) 

Dr.  T.  K.  Tuadn 

Ohio  State  University  Kasaareh  Foundation 
Department  of  Engineering  Mechanics 
.Columbus,  Ohio  43210 

Dr.  Z.  Haahia  .  . 

University  of  Fennsylvaaia 
Department  of  Metallurgy  and 
Materiala  Science 
Collage  of  Engineering  and 
Applied  Science 

Philadelphia,  Penney Ivan ia  1S104 

Dr.  Jackaon  C.  S.  Tang 
University  of  Maryland 
Depart sent  of  Mechanical  Engineering 
College  Park,  Maryland  20742 

Professor  T.  T.  Chang 
University  of  Akron 
Department  of  Civil  Engineering 
Akron,  Ohio  44325 

Professor  Charles  V.  Sort 
University  of  Oklahoma 
School  of  Aerospace,  Mechanical, 
and  Unclear  Engineering 
Honan,  Oklahoma  73019 

Professor  Satya  I.  At lari 
Georgia  Institute  of  Technology 
School  of  Engineering  and 
Mechanics 

Atlanta,  Georgia  30332 

Professor  Graham  7.  Carey 
University  of  Texas  at  Austin 
Department  of  Aerospace  Engineering 
and  Engineering  Mechanics 
Austin,  Texas  7S712 

Dr.  S.  S.  Vang 
University  of  Illinois 
Department  of  Theoretical  and 
Applied  Mechanics 
Urbane,  Illinois  41801 

Professor  J.  7.  Abel 
Cornell  University 
Department  of  Theoretical 
and  Applied  Mechanics 
Ithaca,  lev  York  14853 


Universities  (Coo't) 

Professor  7.  1.  Heubert 
Pennsylvania  Stats  University 
Department  of  Engineering  Science 
and  Mechanics 

University  Park,  Pennsylvania  16802 

Professor  A.  V.  leissa 
Ohio  State  University 
Department  of  Engineering  Mechanics 
Columbus,  Ohio  43212 

Professor  C.  A.  Brebbia 
University  of  California,  Irvine 
Department  of  Civil  Engineering 
School  of  Engineering 
Irvins,  California  92717 

Dr.  George  T.  Hahn 
Vanderbilt  University 
Mechanical  Engineering  and 
Materiala  Science 
Hashville,  Tennessee  37235 

Dean  lichard  1.  Gallagher 
University  of  Arisons 
College  of  Engineering 
Tucson,  Arisons  85721 

Professor  E.  7.  Kybicki 
The  University  of  Tulsa 
Department  of  Meehsnical  Engineering 
Tulsa,  Oklahoma  74104 

Dr.  K.  Seftka 

Illinois  Institute  of  Technology 
Department  of  Mechanics  smd  Mechanical 
and  Aerospace  Engineering 
Chicago,  Illinois  40616 

Professor  J.  G.  da  Oliveira 
Massachusetts  Institute  of  Technology 
Department  of  Ocean  Engineering 
77  Massachusetts  Avenue 
Cambridge,  Massachusetts  02139 

Dr.  Bernard  V.  Shaffer 
Polytechnic  Institute  of  Mew  Turk 
Boute  110 

Parmingdale,  Mew  Turk  11733 
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Industry  and  twireh  bitltutM 

Dr.  Herman  Hobba 
Kouo  AviDyaa 
vOiviiioB  of  Kenan 
v  Sciences  Corporation 
Burlington,  Haasachuaatta  01803*  • 

Argonna  National  Laboratory 
Library  Services  Dapartuant 
9700  South  Casa  Avasua 
Argonna,  Illinois  60440 

Dr.  M.  C.  Juagar 
Canbridga  Acoustical  Assoeiatas 
54  Kindga  Avenue  1st ana ion 
Canbridga,  Massaehusatta  02140 

Mr.  J.  S.  Torraacs 
Canaral  Dynaaics  Corporation 
Klactrie  Boat  Division 
Croton,  Connacticut  06340 

Dr.  J.  K.  Graanspon 
J.  G.  Engiaaaring  Kasaarch  Aasociatas 
3831  Msalo  Drive 
Baltimore,  Maryland  21215 

Newport  Nows  Shipbuilding  sod 
Dry  Dock  Conpany 
Library 

Newport  News,  Virginia  23607 

Dr.  V.  P.  Bosich 

McDonnell  Douglas  Corporation 

5301  Balsa  Avanua 

Huntington  Beach,  California  92647 

Dr.  1.  N.  Abraason 
Southwest  Kasaarch  Institute 
8500  Culabra  load 
San  Antonio,  Tanas  78284 

Dr.  I.  C.  DeHart 
Southwest  Kasaarch  Institute 
8500  Culabra  load 
San  Antonio,  Tanas  78284 

Dr.  M.  L.  Baron 
Weidliager  Associates 
110  Bast  59th  Street 
Hew  fork.  New  Turk  10022 


Industry  and  Kasaarch  Institutes  (Can't) 
Dr.  T.  L.  Geers 

Lockheed  Missiles  and  Space  Conpany 

3251  Hanover  Street 

Palo  Alto,  California  94304 

Mr.  Villiau  Csywood 
Applied  Physics  Laboratory 
Johns  Hopkins  load 
Laurel,  Maryland  20810 

Dr.  Robert  K.  Dunhau 
Paeifiea  Technology 
P.0.  Bos  148 

Del  Mar,  California  92014 

Dr.  M.  P.  Baaninen 
Battalia  Coluubus  Laboratories 
505  King  Avenue 
Coluubus,  Ohio  43201 

Dr.  A.  A.  Hochrain 
Daedalean  Associates,  Inc. 

Springlake  Kasaarch  load 
15120  Frederick  load 
Voodbine,  Maryland  21797 

Dr.  Janes  V.  Jonas 
Swanaon  Service  Corporation 
P.0.  Box  5415 

Huntington  Beach,  California  92646 

Dr.  Robert  I.  Nickell 
Applied  Science  and  Technology 
3344  North  Torrey  Pines  Court 
Suite  220 

La  Jolla,  California  92037 

Dr.  Kevin  Thonas 
Vestiaghouse  Klactrie  Carp. 

Advanced  Reactors  Division 
P.  0.  Bos  158 

Madison,  Pennsylvania  15663 

Dr.  1.  D.  libbitt 
libbitt  6  Karls son,  Inc. 

132  George  M.  Cohan  Boulevard 
Providence,  Rhode  Island  02903 

Dr.  t.  D.  Hindi in 
89  Deer  Hill  Drive 
Ridgefield,  Connect lent  06877 
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Indmtry  and  Baaaarch  Inititutaa  (Coa't) 

Dr.  Xichard  B.  Dm 
Mega  Engineering 
11961  Tech  Bead 

;  Silver  Spring,  Mary lead  20904 

Mr.  C.  M.  Stanley 
Lockheed  Pale  Alto  Beaearch 
Laboratory 
3251  Hanover  Street 
Palo  Alto,  California  94304 


Mr.  B.  L.  Cloud 

Xobert  L.  Cloud  Aaaociatea,  Ine. 
2972  Adeline  Street 
Berkeley,  California  94703 


